Spectral beam combining of Tm-doped fiber lasers can increase the laser output power while simultaneously maintaining the single mode beam quality. We report on a spectral beam combining technique based on highly efficient in-housemade WDM cascade. We demonstrate continuous wave power combining employing a WDM cascade consisting of four fiber laser sources with emission wavelengths of 1920, 1949, 1996 and 2030 nm. A combined power of up to 38 W resulted in a combining efficiency of 69%.
INTRODUCTION
There has been a great interest in the development of high power fiber lasers in recent years as a result of the practicality of these lasers, along with the possibility to generate very high power with excellent beam quality that is ideal for applications throughout research, defense and industry. New directions are constantly being pursued to utilize the capabilities of this technology and one of these directions involves extending the emission wavelength further into the infrared range which will be needed for numerous existing and future applications [1] [2] [3] . Although the variety of rare-earth ion transitions and host materials have been tested for fiber laser emission in different wavelength regimes, a clear decrease of output power is observed at Ref (4) as plotting the maximum obtainable continuous wave output power of fiber lasers as a function of emitted wavelength. The primary reason of the decreasing behaviour of obtainable continuous wave output power is the growth in the quantum defect at longer wavelengths when the system is pumped with the traditional pump sources for silicate glass fiber lasers which are emitting light in the near infrared region close to 1 µm. The excellent cooling properties of optical fibers help to reduce the problem of high quantum defect, which creates heat that becomes an increasing fraction of the absorbed pump power. However, development of high power pump sources at longer wavelengths and selecting more appropriate laser transitions can be effectively used for diminishing the effects of high quantum defect and improving the laser output performance. Therefore, scaling fiber lasers to high average output power is of current interest, especially at longer wavelengths [5] [6] [7] [8] [9] . Despite the easier engineering at longer wavelengths, owing to a number of scaling factors, scaling the power of single mode fiber lasers is still limited by optical or thermal damage of the fiber including thermal aberrations and nonlinear effects. Fundamental nonlinear and thermal limitations on the power scaling of fiber lasers which can be encountered by a single laser source are leading researchers into beam combining schemes to achieve higher continuous wave laser power. The goal of beam combining cannot simply be to increase the power, but to preserve the beam quality for applications in which high intensity is required on the target. The beam combination method will provide a path to even higher power with an excellent beam quality by using developed methods 10, 11 with the help of increasing the power level within each individual laser unit. *s.yilmaz@lzh.de; 12 . However, the beam quality of the laser sources degraded completely due to the use of combiners employing multimode fibers. Spectral beam combining utilizing single mode WDMs is a promising approach 13 , as the high beam quality of the laser building blocks is maintained 14, 15 . We report on spectral beam combining of four thulium-doped fiber oscillators by using a highly efficient in-housemade WDM cascade at a power level of 38 W. The combining section consists of three WDMs, while two of them were used for combining oscillators with a small wavelength separation of 30 nm, a third one was used to combine both wavelength sub-groups. Our approach enables further power scaling by increasing the output power of the distinct laser oscillators and by increasing the number of channels of the cascaded combination scheme of WDMs.
EXPERIMENTAL SETUP
The experimental design used in this work is sketched in Fig. 1 . It contains the fiber laser sources and the spectral-beam combination scheme. As laser sources, four identical continuous wave oscillators were employed each emitting narrow line-width signals at distinct wavelengths, which are 1920 nm, 1949 nm, 1996 nm, and 2030 nm with a respective output power of 7 W, 17 W, 20 W and 13 W as shown in Fig. 1 . The cavity was entirely fiber-integrated, including pump delivery, which rendered the system misalignment free. The linear laser cavity comprised of a section of double-clad Tm-doped fiber, high-reflector fiber Bragg grating (FBG), a low-reflector FBG acting as output coupler, a pump combiner with a fiber integrated pump port and pump diodes up to a power of 50 W. The schematic of the experimental setup is shown in Fig. 1 . For the laser sources, two types of fibers were used. First one was the pump fiber which has 105/125 µm core/cladding diameters. The other fiber type has 10/125 µm DC core/cladding diameters featuring truly single mode operation. The active medium consisted of 5 meters of Tm-doped fiber with peak absorption of 3 dB/m at a wavelength of 793 nm. The length of the gain fiber was optimized by maximum attainable signal power. For pumping the system, fiber coupled pump diodes from DILAS were used emitting at a wavelength of 793 nm. One of the FBGs was highly reflecting (99 %) and the other one was partially reflecting (10 %). The combining scheme foresaw a combination into two subgroups with in-house-made WDM1 and WDM2 (1920/1949 nm and 1996/2030 nm). These subgroups were then multiplexed with the in-house-made WDM3. 
RESULTS

Manufacturing & Characterization of WDMs
The WDMs were fabricated by the fused biconical taper technique. Single mode fibers (SMF28) were employed, which had an NA of approximately 0.13 around a wavelength of 2 µm. While the core diameter was 10 µm, the cladding diameter was 125 µm. The used fibers had a pure silica cladding. We simulated light propagation in the fused fiber couplers with our FFT-based BPM algorithm 16, 17 . The optical fibers were heated with a torch between two twisted points to cause the core-cladding mode coupling. Schematic deployment of the setup for the fabrication is explained in detail by Birks et. al. 18 . We modified the manufacturing process to achieve efficient WDMs for coupling the wavelength pairs 1920 and 1949 nm as well as 1996 and 2030 nm. The developed WDMs were characterized in terms of insertion losses of the respective branches of the WDMs and spectral dependence of the coupling ratio.
Fiber Laser Oscillators
High power fiber lasers contained three major technologies, such as high quality active fibers, passive fiber components which can handle high power and bright pump diodes. With the aim of demonstrating a power combination employing the WDM cascade, we developed four identical Tm-doped single-mode continuous wave fiber lasers with an output power of 7 W, 17 W, 20 W and 13 W respectively, operating at central wavelengths of 1920 nm, 1949 nm, 1996 nm, and 2030 nm which are defined as L1, L2, L3 and L4 for being easily understood the Fig. 2 . The slope efficiency for each system was >40% demonstrating cross relaxation 19 .
Combining Two Wavelengths with WDM1 & WDM2
The laser outputs were spliced to the in-house-made WDMs for spatially overlapping the beams with differing wavelengths as shown in Fig. 1 . First, the behavior of the WDM1 and WDM2 was investigated by measuring the output power at the respective signal ports separately. The measured output power as a function of the launched signal power for both of the lasers was shown in Fig. 2(c-d) respectively. The coupling efficiencies of WDM1 and WDM2 were higher than 84%. The spectra of combined wavelength groups are depicted in the Fig. 2(a-b) for WDM1 and WDM2, respectively. For the spectral measurement setup, we used a neutral density filter to attenuate the output power of the WDMs due to the average power limitation of the spectrum analyzer. Although, this filter had particularly weak wavelength dependence, it caused the modifications of the spectral intensities during the spectrum measurements of the maximum signal output power. Launched Signal Power (W)
Combining Four Wavelengths with WDM3
The setup for the combination of the two subgroups by the WDM3 is shown in Fig. 1 . The spectrum measured at the output port of the WDM3 is shown in Fig. 3(a) and the combined laser power in dependence of the launched signal power is depicted in Fig 3(b) . From Fig. 3(a) , it is obvious that all wavelengths were successfully coupled to a single output port. We achieved more than 38 W of output power at a total input power of 48 W, which results in a combining efficiency of 80 %. Two loss mechanisms can be identified for the combination of signals. The first one is the insertion loss of the WDMs and the second has its origin in the coupling of the signal power to the idler port which can be observed as a slow fluctuation of signal power at the output port. The error bars in the Fig. 3(b) represent this fluctuation.
A power of almost 5 W was coupled to the idler port of WDM3 at the maximum signal power level. This corresponds to 10 % of the input power, and limits the coupling efficiency. The overall combining efficiency can be calculated to be around 69 %. 
DISCUSSION
Interest in spectrally beam combined laser systems is increasing rapidly, due to their simplicity and the high demand by applications which are not wavelength selective or which require the combination of distinct laser wavelengths. With our current implementation, we provide an all-fiber integrated design for the wavelength range of 2 µm which is an alternative approach for obtaining not only flexibility and simplicity but also high output power with an excellent beam quality.
Due to the single mode fiber geometry most challenging limits are the onset of detrimental fiber nonlinearities like stimulated Brillouin scattering during the propagation of light after the oscillators in the fiber of the WDMs. In the weakly guiding approximation, the mode area of the lowest order mode scales as the square of the operation wavelength. This has a beneficial effect on the power scaling of fiber lasers at longer wavelengths. However, the drawback still arises from nonlinear effects that limit the maximum attainable output power after a threshold while maintaining the reliability for truly single mode high power operation. For the suppression of these effects at the higher power levels, distributing the power to distinct wavelengths is a promising approach for increasing the maximum attainable truly single mode output power 20 .
The cascading concept offers maximum efficiency for largest possible separation of the wavelength groups and smallest possible separation of wavelengths within respective groups. Therefore, scaling up this configuration to an even higher power can also be expected by increasing the power per channel and increasing the number of channels which is related with the number of WDMs being used in the cascade design. Improvements on further power scaling by including additional channels can be achieved by combining a smaller spectral separation, which is limited by manufacturing parameters of WDMs. At the same time, the number of individual channels can be increased which is also related with largest possible separation of the wavelength groups inside the Tm-gain bandwidth of more than 100 nm around 1900 nm. Hence, a further scaling by additional and a higher power per channel appears to be feasible in a straightforward manner.
CONCLUSION
In summary we demonstrated all-fiber truly single mode power combination of Tm-doped fiber lasers employing a WDM cascade. By using fiber-Bragg gratings as a highly reflective mirrors and output couplers, the distinct fiber lasers operated at wavelengths of 1920, 1949, 1996 and 2030 nm. The lasers were combined by using an in-house-made WDM cascade. The expected wavelength spacing and characteristics of WDMs can be freely specified based on central wavelengths of FBG pairs and the fıber lasers can be combined with changing the fabrication properties of the WDM. We achieved more than 38 W of output power from the signal port and the overall combining efficiency was measured to be 69 %. With a continuing improvement of the fiber laser output power and WDMs with high power handling capability, single mode operation at higher output power level can be achieved. The low quantum defect, the high spectral brightness, high average power pumping that can be provided by Thulium-doped fiber lasers enables efficient scaling of Holmium based amplifiers to ever higher average powers with great pulse energies. The demonstrated power combining scheme offers a new perspective for high brightness pump sources for laser operations and nonlinear effects in the MID-IR range.
